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Poly(monomethyl itaconate) as subphase stabilizer of maleic
anhydride-alt-stearyl methacrylate monolayers at the air—water

interface. The study on surface pressure—area isotherms

Summary — Alternating maleic anhydride-alf-stearyl methacrylate
(MA-alt-StM) amphiphilic copolymer and poly(stearyl methacrylate) (PStM)
were spread as monolayers by evaporation of chloroformic ca. 0.1% (w/v)
solutions on the surfaces of water and aqueous solutions. Surface pressure
() vs. area (A) (A? per repeating unit) isotherms (298 K) were measured for
MA-alt-StM and PStM spread on water and on aqueous poly(monomethyl
itaconate) (PMMel) solutions at pH 3.0 and 7.0. PMMel modified considera-
bly the shape of the MA-nlt-StM—on—water isotherms. The zero-pressure
limiting area per repeating unit (ru), A,, rose from 38 to 41 A?/ru (Table 2).
At pH 3.0, the surface pressure along the MA-alt-5tM isotherm on aqueous
PMMel as subphase was higher than that at pH 7.0 under otherwise identi-
cal conditions. At pH 3.0, PMMel stabilized the MA-alt-5StM monolayers,
presumably vin H-bonding which is believed to result in an interpolymer
complex. The formation of a complex is supported in terms of Brewster an-
gle microscopy images (Figs. 2, 3 in conjunction with Fig. 1), which showed
the monolayer (supposed to contain the complex) to be more homogeneo-
us, and by FTIR spectra (Fig. 5) which adduced evidence for the occurrence
of specific interactions.

Key words: amphiphilic copolymers, monolayer, interpolymer complex, sur-
face pressure—area (per repeating unit) isotherms, water and aqueous solu-

tions as subphases.

Amphiphilic polymers have been applied in nume-
rous surface technologies and reviewed in various
aspects. These polymers are polyampholytes which con-
tain both hydrophilic and hydrophobic components in
their macromolecules. Their peculiar adsorption be-
havior is another interesting and fundamental issue.
The orientation, specific interactions, conformational
changes, and organization of molecules in a quasi
two-dimensional space result in a variety of interesting
phenomena [1—5] occurring at the air—water intersur-
face [6—10]. The monolayers of natural and synthetic
polymers formed at the air—water interface offer supe-
rior mechanical properties and improved stability com-
pared with the properties offered by classical low-M
molecules [11]. Such films have been extensively inve-
stigated because of their potential applications in bio-
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technology and microelectronics [12]. Polymers with a
sufficient number of hydrophilic groups in the repe-
ating unit are well known to be ideal to form monolay-
ers on the air—water interface [13—15]. Amphiphilic
copolymers are very good systems for these purposes.
The solubility of amphiphilic copolymers in the aque-
ous phase and their properties in the solution have been
reported [16]. However, the adsorption characteristics of
these systems has been only little looked into. Scarce in-
formation is available on the monolayers prepared from
spread solutions of block or alternating amphiphilic co-
polymers [17—20].

The present study is undertaken to explore the feasi-
bility of enhancing the interactions of amphiphilic co-
polymers with water soluble polymers at the air—water
interface of particular interest is the physicochemical
behavior of the maleic anhydride-alt-stearyl methacryla-
te (MA-alt-5tM), alternating amphiphilic copolymer and


mailto:Igar-gall@puc.cl
mailto:Igar-gall@puc.cl

POLIMERY 2001, 46, nr 11—12

829

the poly(stearyl methacrylate) (PStM) homopolymer
spread at the air—water interface and of poly(mono-
methyl itaconate) (PMMel) dissolved in the water sub-
phase. The structure of the polymers are shown below.
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Maleic anhydride (MA) was selected because the co-
polymers derived from MA are essentially alternating
and therefore their copolymer composition is well
known.

EXPERIMENTAL

Preparation of polymer

Poly(monomethyl itaconate) (PMMel) was synthesi-
zed by radical bulk polymerization by using 2,2’-azobi-
sisobutyronitrile (AIBN) as reported elsewhere [21]. Ma-
leic anhydride-nlt-stearyl methacrylate (MA-alt-StM)
and poly(stearyl methacrylate) (PStM) were prepared
by the method described elsewhere [17].

Characterization of polymers

PMMel was fractionated by using (50:50) metha-
nol—acetone as solvent and diethyl ether as
non-solvent. In the case of MA-alt-5tM, THF and aceto-
ne were used. Weight-average molecular weight, M,,, of
the fractions was measured by static light scattering

with THF as solvent [17, 21]. Polydispersity indices
M, /M, were determined by size exclusion chromato-
graphy (SEC) by using a Perkin-Elmer high-performan-

Table 1. Weight average molecular weights 1\_/[", and polydisper-
sity indices M, /M, of polymer fractions studied

Polymer 1\_/1,,. 10" 1\_/1,,, /M,
MA-alt-StM 43.7 1.10
PMMel 63.1 1.25
PStM 725 1.30

ce liquid chromatograph (HPLC) [22]. Table 1 lists the
weight-average molecular weights M,, and polydisper-
sity indices of MA-alt-5tM, PStM and PMMel.

Surface tension measurements

Surface tension was measured at 298 + 0.01 K by the
Do Notiy method a Kriiss Type K8 Interfacial Tensiome-
ter. Bidistilled and ultrafiltered water, specific conduc-
tivity <0.4 S/cm and surface tension >72.0 mNm", was
used. The pH of each polymeric solution was adjusted
with an aqueous NaOH or HCl solution. The polymer
concentration was 0.01 and 0.02 mol of monomeric
units /L.

Surface pressure isotherms

The monolayer formation by maleic anhydri-
de-alt-stearyl methacrylate copolymer and by poly(ste-
aryl methacrylate) on aqueous subphases was studied
by the Langmuir technique. Surface pressure—area
(m—A) isotherms were measured for the polymer films
spread at the air—water interface by using a NIMA mo-
del 611 surface film balance (NIMA Instruments, Coven-
try, UK.) at 298 K. Films were deposited on the water
surface from chloroformic ca. 0.1% (w/v) solutions.
Data were obtained at a constant compression rate of
5—10 cm® min™'. Water as a subphase was purified by a
Millipore Milli-Q system and had a resistivity greater
than 18.0 MQ - cm. The pH of the water subphase was
adjusted by adding an aqueous HCl or NaOH solution.
At specific pH, the isotherms were insensitive to the
amount of HCI or NaOH added.

Brewster Angle Microscopy (BAM)

The morphology of the monolayer was examined by
the Brewster Angle Microscopy (BAM) [23, 24]. A p-po-
larized laser beam (30 mW) was reflected off the
air—water interface at an incidence angle of 52—54°.
The lateral resolution was 2 pm. The reflected beam
passed through a focal lens into the analyzer at a
known angle of incident polarization and finally to
charge-coupled device camera.
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FTIR measurements

Infrared spectra were recorded on a Vector 22 Bruker
Fourier Transform Infrared Spectrophotometer. The
spectral resolution was 1 cm™. The film was transferred
toward the plate at room temperature until the subpha-
se was entirely evaporated. Then, KBr pellets were pre-
pared as usual.

RESULTS AND DISCUSSION

The surface pressure—area (r—A) per repeating unit
(ru) isotherms for MA-alt-StM spread on water at pH
3.0 and 7.0 as well as on PMMel—water solutions are
shown in Figures la and 1b. The monolayers of
MA-alt-5tM, compressed to the surface pressure of 30
mNm™ are stable on both phases. The collapse pressure
values, n, = 55—60 mNm™, are indicative of very rigid
films.

The (m—A) isotherms of the copolymer monolayer
(Fig. 1) represent typical behavior of polymers with
long side chains. There are two regions in which the
surface pressure rises linearly as the surface area is re-
duced. These regions have frequently been attributed to
backbone packing (less condensed) and side chain pac-
king (more condensed). The presence of PMMel in wa-
ter modifies the shape of the isotherms considerably as
compared with those obtained on water (Figs. 1a, D).
This finding could be indicative of appreciable interac-
tions of PMMel with MA-alt-5tM monolayers. An out-
standing feature of the monolayer is the increase in the
zero-pressure limiting area per repeating unit, Aq, from
38 to 41 A’ru” (Table 2). It is evident that the molecular
area occupied by the MA-alt-StM monolayer becomes
larger when the monolayer is spread on the subphase
containing PMMel at pH 7.0 and that, in contrast, it be-
comes smaller when the monolayer is exposed to proto-
nated PMMel (pH 3.0). Clearly, expanding and conden-
sing effects are related to the pH in water. The two
isotherms differ in the pressure at which the monolayer
collapses. The step curve at pH 3.0 indicates closed pa-
ckage in the solid-like phase. These results are consi-
stent with a more rigid monolayer. In each case, the sur-
face pressure rises from zero, of from about 5 mN/m,
and increases almost linearly as the film area is decre-
ased, to a pressure of above 30 mN/m. The curve of
MA-alt-5tM with PMMel at pH 3.0 has two apparent
plateaus (Fig. 1b). One is in the region between the liquid
and the solid state (pseudo phases) and the other is in
the region of very high compressibility. The system of
MA-alt-StM with PMMel at pH 7.0 is seen to produce a
curve entirely different from that obtained at pH 3.0.
The first plateau region is nearly the same at either pH,
but above this the surface pressure increases linearly to
reach a critical pressure, or collapse, at about 60 mN -
m™ at pH 7.0, whereas at pH 3.0 the surface pressure ri-
ses abruptly. In this case the n, of the monolayer is ~70
m - Nm™. Table 2 summarizes these results. Since the
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Fig. 1. The surface pressure—area isotherms of: (a)
MA-alt-StM spread on subphase water solutions at pH 3.0
(——) and pH 7.0 (—); (b) MA-alt-StM on subphase wa-
ter—PMMel solutions at pH 3.0 (---) and at pH 7.0 (—); q,
b, ¢ and d are points at which the BAM images are shown
(cf. Figs. 2, 3).

Table 2. Characteristic t—A isotherm curves of MA-alt-StM un-
der different pH conditions

Water subphase n, mN-m" Ay A - monomer”!
PMMel, pH 3.0 ~70 41
PMMel, pH 7.0 60 38
Pure water, pH 3.0 60 38
Pure water, pH 7.0 60 38

MA-alt-5tM macromolecule has strong hydrophilic (an-
hydride groups) and strong hydrophilic moieties (ste-
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aryl aliphatic side chain), the hydrophilic group should
be immersed in the water phase and the aliphatic chain
is expected to face the air. Tire behavior is similar to that
of a surfactant. The effect of pH on the isotherm is clear:
at pH 3.0, the carboxylic acid functionality of PMMel is
protonated, whereas at pH 7.0, it is dissociated [21]. Tire
resulting areas per repeating unit increase as pH is in-
creased, and they do so with a progressively weakened
film cohesion. Orientations of amphiphilic copolymer
MA-n/f-StM in the monolayer are restricted at pH 3.0 by
strong interactions with the water phase that contains
polyacid chains. Poly(monomethyl itaconate) soluble in
water should form an interpolymer complex with the
copolymer MA-a/f-StM spread at the air—water interfa-
ce. Tire interpolymer complex formation results in a sta-
bilized monolayer, as compared with the pure copoly-
mer monolayer. We speculate that, under these condi-
tions, the protonated carboxylic groups and the maleic
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anhydride groups should be able to form an interpoly-
mer complex. These results are also consistent with
some previous findings indicating that an interpolymer
complex does exist [25—28]. The formation of an inter-
polymer complex between poly(monomethyl itaconate)
(PMMel) and poly(N-vinyl-2-pyrrolidone) has been evi-
denced in the solution by different experimental tech-
niques [25—27] and, in the solid state, by differential
scanning calorimetry measurements [27]. To adduce
another experimental evidence for this behavior, we
examined the microstructures of the monolayers of
MA-a/f-StM with PMMel at pH 3.0 and 7.0 by using
BAM (¢/., Fig. Ib). The film topographies of the
MA-a/f-StM and PMMel complex at the two pH values
are evidently different. In the first case the surface of the
film is more homogeneous. It appears to have a more
compact structure when an interpolymer complex is
present (Fig. 2). At low pressures (Fig. 2a), BAM images

Fig. 2. The BAM images of the MA-nlt-StM monolayer cor ¢sponding to the points on the n—A isotherms for water—

PMMel subphase at pH 3.0 (—)
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Fig. 3. The BAM images of the MA-alt-StM monolayer corresponding to the points on the n—A isotherms for water—
PMMcl snbphasc at pH 7.0 (—); bar represents 500 pm; all other BAM images are equal in size

reveal clearly a small domain structure. The morpho-
logy is more homogeneous at points b and d, whereas at
point c, a transition region may appear. In Fig. 3, BAM
images reveal local heterogeneity areas at pH 7.0. Clear-
ly, islands can be seen to have formed at all surface
pressures (Fig. 3a to d). These heterogeneities cannot be
attributed to the formation of an interpolymer complex
under these conditions. Tire topography of the mono-
layers is in agreement with the steep isotherms (Fig.
Ib). When an interpolymer complex is formed, the mo-
nolayer seems to be more homogeneous.

In order to check an interpolymer complex forms via
interactions between the carbonyl groups of the MA
units and the carboxylic groups of PMMel in the sub-
phase, similar experiments were performed with
poly(stearyl methacrylate) monolayers. Figure 4 shows

the results. The 7—A isotherms of PStM under the same
experimental conditions follow quite similar courses.
These types of isotherms indicate that no complex for-
mation between PStM and PMMel takes place at the
water—air interface.

To gain a deeper insight into the interpolymer com-
plex formation between MA-n/f-StM and PMMel, we
have evaluated the FTIR spectra of the monolayers at
pH 3.0 and 7.0.

The FTIR spectra seem also to indicate that the supe-
rior driving force for complexation is hydrogen bonding
between the proton-donating carboxyl groups of PM-
Mel and the proton-accepting groups of the MA copoly-
mer. The carbonyl stretching band, corresponding to an-
hydride groups, is observed at 1722 cm'lat pH 7.0. Ho-
wever, for the complex of PMMel and MA-n/f-StM, a
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Fig. 4. Surface pressure—aren isotherms of poly(stearyl met-
hacrylate) with PMMel in the water subphase at pH 3.0
(---) and pH 7.0 (—)

new band located at 1638—1618 cm™ is seen to appeatr.
It can be assigned to hydrogen-bonded carbonyl vibra-
tions of MA-alt-StM that has an 82 cm™ red shift relative
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Fig. 5. IR spectra of MA-alt-StM with PMMel monolayers
at pH 3.0 and pH 7.0, from aqueous solutions: (---) pH: 3.0;
(—) pH: 7.0

to the free carbonyl group (Fig. 5). This new band loca-

ted at 1638 cm™ has also been found in another system
[29].

Although hydrogen bonding is a significant driving
force for the interpolymer complex formation, the com-
plex can also be stabilized by hydrophobic interactions
as evidenced by a control experiment on the surface be-
havior of PMMel. The hydrophobicity of this polymer is
affected by dissociation of the carboxyl groups. The hy-
drophobicity of PMMel in water increases as pH is de-
creased. The surface tension values y of aqueous PMMel
solutions are not relevant in relation of the experimental
isotherms observed. The n-values calculated from the
surface tension y of water, 72.0 mN/ m’, is about 9
mN/m™? at pH 3.0 and 3.0 mN/m" at pH 7.0 at two
different concentrations of PMMel. More experiments
are in progress, particularly concerning the PMMel sur-
face activity.

CONCLUSIONS

The presence of PMMel affects considerably the sha-
pe of the isotherms of MA-alt-5tM at pH 3.0 and 7.0.
The zero pressure limiting area per repeating unit, Ao,
increases from 380 to 41.0 C%/ru. The isotherm of
MA-alt-StM with water—PMMel subphase at pH 3.0
shows a higher critical surface pressure m. than that in
the isotherm at pH 7.0 under otherwise identical condi-
tions.

The results from surface pressure—area can be expla-
ined by the fact that the protonated carboxylic groups
of PMMel and the maleic anhydride groups are able to
form an interpolymer complex at the air—water interfa-
ce. BAM video images reveal that the film has a more
compact structure when an interpolymer complex is
present. The FTIR spectra seem also to indicate that the
superior driving force for the complexation is hydrogen
bonding between the proton-donating carboxyl group
of PMMel and the proton-accepting groups of the MA
copolymer. The complex can also be stabilized by hy-
drophobic interactions. This conclusion is supported by
the control experiment on the surface behavior of PM-
Mel. The hydrophobicity of PMMel in water increases
as the pH is decreased.
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